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Edited by Hans EklundAbstract A new subtype of archaeal Rieske ferredoxin (RFd)
has been identiﬁed in the genome of the thermoacidophilic archa-
eon Acidianus ambivalens. The gene is inserted in an atypical
genomic context in a gene cluster encoding a NiFe hydrogenase.
Sequence and phyletic analysis showed that the protein is related
to bacterial RFd but not to any of the known archaeal Rieske
proteins. The recombinant 14 kDa protein isolated from Esche-
richia coli behaved as a dimer in solution. It contained 2 Fe/
mol and all visible and EPR spectroscopic features typical of
Rieske centre-containing proteins. However, its redox potential
(+170 mV) was signiﬁcantly higher than those of canonical
RFd. This diﬀerence is rationalized in terms of the protein struc-
ture environment, as discrete amino acid substitutions in key
positions around the metal centre account for the higher
potential.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The majority of iron–sulfur clusters observed in redox pro-
teins, enzymes and electron transport chains occur in the form
of [2Fe–2S], [4Fe–4S], and [3Fe–4S] structures. Rieske centres
are of the [2Fe–2S] type, however, only one of the Fe ions is
liganded by two cysteine sulfur atoms, while the other is bound
to imidazole nitrogens of two histidine residues (reviewed, for
example, by Schmidt [1]). This property gives Rieske centres a
more positive redox potential (between 160 and +360 mV)
than regular [2Fe–2S] ferredoxins, usually referred to as
‘‘plant-type ferredoxins’’ (between 250 and 450 mV). The
Rieske iron–sulfur centre was ﬁrst discovered in mitochondria
by EPR spectroscopy [2]. Later, it was discovered that iron–
sulfur clusters with this speciﬁc EPR signature occur in almost
all cytochrome bc1 complexes of bacteria and archaea [3,4] and
in cytochrome b6f complexes of the electron transport chain of
plants and photosynthetic bacteria [5]. These proteins are com-*Corresponding authors. Fax: +49 6151 16 2956 (A. Kletzin), +351
214411277 (C.M. Gomes).
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doi:10.1016/j.febslet.2004.12.075monly referred to as Rieske proteins. Rieske centres also occur
in the electron donor proteins associated with a number of
bacterial hydroxylases and oxygenases (e.g. [6,7]). These pro-
teins are frequently termed Rieske-type proteins or Rieske
ferredoxins (RFd) to distinguish them from the Rieske pro-
teins from membrane-bound electron transport chains. Se-
quence analysis revealed that all possess a common amino
acid motif –C–X–H–X15-50–C–X–X–H–, which comprises the
cluster ligands and is predictive for the presence of Rieske cen-
tres in proteins.
Proteins containing Rieske centres are scarcely known
among Archaea. The characterized proteins include Rieske
proteins from Pyrobaculum aerophilum and Sulfolobus acido-
caldarius; one RFd (sulredoxin) from Sulfolobus tokodaii,
and another unrelated RFd from Sulfolobus solfataricus
(Arf) [8,9]. We have identiﬁed the gene for a small 14 kDa
RFd (termed hyn1) in the gene cluster encoding a mem-
brane-bound, quinone-reactive NiFe uptake hydrogenase in
the hyperthermophilic and acidophilic archaeon Acidianus
ambivalens (Topt = 82 C, pHopt = 2) [10]. The standard redox
potential of the hydrogen oxidation reaction is very negative
(414 mV at pH 7.0, see [11]) and suﬃcient to reduce en-
ergy-rich electron carriers like regular ferredoxin rather than
a higher potential RFd. In order to contribute towards the
understanding of the biological role of this protein and to
broaden the scope of known archaeal Rieske proteins, we have
heterologously expressed the A. ambivalens hyn1 gene and pro-
ceeded with its puriﬁcation and characterization, which we re-
port here.2. Materials and methods
2.1. DNA preparation and construction of the expression plasmid
Genomic A. ambivalens DNA was prepared from anaerobically
grown cells by standard procedures [12]. The hyn1 gene [10] was
PCR ampliﬁed with two oligonucleotides (Rieske 1: TGT GGG
ATC CTT CAT GAC TAA AAT GCT TAC AC, Rieske 2: AGC
GGG ATC CTC ACT CGT ATA TTA TTA CCT CAT C). The prod-
uct was digested with PagI and BamHI and ligated into NcoI/BamHI
digested vector pET11d (Stratagene). The construct was sequenced and
used to transform Escherichia coli BL21 CodonPlus RIL cells (Strata-
gene).
2.2. Gene expression and protein puriﬁcation
A 15 l fermenter with LB medium was inoculated with 200 ml of an
overnight culture of the recombinant E. coli cells and incubated at
37 C with vigorous stirring and aeration. After reaching an OD600blished by Elsevier B.V. All rights reserved.
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was harvested after 6 h. The cell pellet (80 g) was washed once with
cell lysis buﬀer and resuspended in 500 ml of this buﬀer (70 mM Tris/
acetate, 0.5% e-aminocaproic acid, and 5 mM NaCl, pH 7.7). The cells
were broken by sonication and the soluble extract prepared by multiple
centrifugations. All puriﬁcation steps were performed at room temper-
ature using an FPLC and column materials from Amersham. The sol-
uble extract was applied to a DEAE sepharose Fast Flow column
(Vc = 50 ml) equilibrated with cell lysis buﬀer, and the A. ambivalens
RFd (AaRFd) eluted at 100 mM NaCl; the fractions were combined
and gradually brought to 1.8 M ammonium sulfate. After centrifuga-
tion the supernatant was applied to a phenyl sepharose column
(60 ml), which was washed with 3 bed volumes of 1.8 M ammonium
sulfate in cell lysis buﬀer and eluted with a decreasing gradient of
ammonium sulfate in cell lysis buﬀer. The AaRFd eluted at 0.8 M
ammonium sulfate. The protein solution was then brought to 3.2 M
with solid ammonium sulfate and again centrifuged. The precipitate
was dissolved in 4 ml of cell lysis buﬀer containing 150 mM NaCl.
About 2 ml of the concentrated AaRFd solution was applied to a
Superdex 200 column (4 · 60 cm) equilibrated with cell lysis buﬀer con-
taining 150 mM NaCl. The AaRFd was eluted from the column using
the same buﬀer. The protein solution was concentrated by ultraﬁltra-
tion using a pressure cell and a membrane with a 10 kDa cut-oﬀ for
subsequent studies, and stored at 20 C.
2.3. Spectroscopic methods
UV/Vis spectra were recorded at room temperature in a Shimadzu
UVPC-1601 spectrometer equipped with cell stirring. Fluorescence
spectroscopy was performed on a Cary Varian Eclipse instrument
(kex = 280 nm, kem = 340 nm, slits: 5 nm). EPR spectra were recorded
at 20 K on a Bruker ESP380 spectrometer, equipped with an ESR
900 continuous ﬂow helium cryostat.
2.4. Analytical procedures and stability studies
The protein content was determined either using the absorbance at
280 nm (for pure AaRFd solutions; the absorption coeﬃcient calcu-
lated from the sequence was 17 mM1 cm1) or the BCA protein array
kit (Pierce). The iron content was determined by the 2,4,6-tripyridil-
1,3,5-triazine method [13]. Kinetics of thermal denaturation were
determined upon rapid mixing of AaRFd with thermally equilibrated
buﬀer. Average emission wavelength calculations (see Fig. 4) were per-
formed as in [14]. Quantiﬁcation of released iron during protein
unfolding was made as in [15].
2.5. Redox titrations
Acidianus ambivalens Rieske ferredoxin (30 lM) was titrated
anaerobically in 50 mM potassium phosphate, pH 7.1 and 7.8, by
stepwise addition of buﬀered sodium dithionite. The following
redox mediators were used at a concentration of 40 lM each:
N,N-dimethyl-p-phenylenediamine (+340 mV); TMPD (+260 mV);
1,2-naphthoquinone-4-sulfonic acid (+215 mV); 1,2-naphthoquinone
(+180 mV); trimethylhydroquinone (+115 mV); PMS (+80 mV);Fig. 1. Amino acid sequence comparison. Protein sequences were retrieved
numbers are also indicated: A.amb. (Acidianus ambivalens, CAC86888);
torridus, 48477583); T.vol. (Thermoplasma volcanium, 13541809); S.tk.sul
acidarmanus, 48851845); T.fus. (Thermobiﬁda fusca, 48837079); B.per. (Bordet
(Burkholderia cepacia, 12084111); E.coli (Escherichia coli, 12516946); Y.p
52212332); S.sol. (S. solfataricus Arf, NP_343471); S.tok. (Sulfolobus tokoda1,4-naphthoquinone (+60 mV); 5-hydroxy-1,4-naphthoquinone
(+30 mV); and duroquinone (+5 mV). Reported potentials are in
respect to the standard hydrogen electrode.
2.6. Sequence comparisons and molecular modelling
The AaRFd amino acid sequence was compared against the non-
redundant protein database using BLAST. The top 80 hits (as of
December 2004) were retrieved and aligned using PILEUP and
HMMERALIGN (seed alignment retrieved from PFAM database,
http://www.sanger.ac.uk/pfam). RFds from Sulfolobus genome se-
quences were included. Access to the unpublished S. acidocaldarius
sequence was kindly provided by the EU SCREEN team, directed
by Roger Garrett (University of Copenhagen). The multiple align-
ment was trimmed to 67 conserved positions prior to dendrogram
calculation not including any end gaps. Phylogenetic calculations
were performed with the programs PROTPARS, DISTANCES and
PAUP included in the Wisconsion Package (Accelrys) using various
algorithms. Modelling of the AaRFd was performed by SWISS-
Model [16] using the Burkholderia sp. RFd as template (PDB:
1FQT) [7].3. Results and discussion
3.1. Sequence comparisons and genomic analysis
The amino acid sequence of AaRFd was compared against
proteins available in public databases using BLAST. The high-
est scores were obtained with non-respiratory Thermoplasma
and bacterial RFd and with eukaryal RFd domains of putative
FeS oxidoreductases. They showed amino acid identities of
40% and similarities of 60% compared to the AaRFd.
None of the known and predicted soluble non-respiratory
crenarchaeal RFd (S. tokodaii sulredoxin, S. solfataricus Arf
and others, 25% identity and 40% similarity) were retrieved
as high scoring pairs from the top 100 blast hits. Those were
included manually in a multiple alignment. The sequence com-
parison showed that the amino acid segment region of Rieske
proteins comprising the CxH. . .CxxH motif accounting for
cluster binding is well conserved among the diﬀerent subtypes
(Fig. 1). This was conﬁrmed by calculation of phylogenetic
dendrograms using various algorithms (Fig. 2). The result sug-
gests that the AaRFd constitutes yet another subtype of solu-
ble Rieske protein found in Archaea, thus illustrating that
multiple Rieske proteins with distinct reduction potentials
are present in archaeal redox systems.
The analysis of the AaRFd genomic locus showed that the
hyn1 gene is located immediately downstream of a geneand aligned as described in Section 2. Abbreviations and accession
T.acid. (Thermoplasma acidophilum, NP_393906); P.tor. (Picrophilus
. (Sulfolobus tokodaii sulredoxin, BAB18678); F.acid. (Ferroplasma
ella pertussis, 33591788); P.put. (Pseudomonas putida, 1168643); B. cep.
es. (Yersinia pestis, 45443252); B.pseu. (Burkholderia pseudomallei,
ii, 15922610); B.tau. (Bos taurus, 1942961).
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uncult. Crenarchaeote 6a13 42557698
Thermoplasma volcanium 13541809
Thermoplasma acidophilum 18202977
Sulfolobus tokodaii 17380302
Sulfolobus acidocaldarius 1938*
Sulfolobus solfataricus 13816256
Thermoplasma acidophilum 10640161
Ferroplasma acidarmanus 48851845
Drosophila mel. 22831550
Anopheles gambiae 31198379
Homo sapiens 21595596
Schizosacch. pombe 3123310
Plasmodium falciparum 23612574
Burkholderia cepacia 46312768
Yersinia pestis 45443252
Methylococcus capsulatus 53804906
Geobacter metallireducens 48845067
Thermus thermophilus 46197419
Thermoplasma acidophilum 10639598
Chloroflexus aurantiacus 53795285
Picrophilus torrorridus 48477583
Acidianus ambivalens Hyn1 22204177
Pseudomonas stutzeri NahAb 4104752
uncult. bacterium Sargasso sea 43057171
Bordetella bronchiseptica 33599268
Thiobacillus denitrificans 52007609
Deinococcus radiodurans 15806948
Thermobifida fusca 48837079
Photorhabdus luminescens 36785550
Escherichia coli  HcaC 3023935
Burkholderia cepacia BphF 12084111
Pseudomonas putida BedB 1168643
Rhodococcus globerulus BPH 1085784
Sphingomonas sp. CarAc 7433252
Sulfolobus acidocaldarius 919*
Sulfolobus solfataricus 15898866
Sulfolobus solfataricus ARF 7484204
Sulfolobus acidocaldarius 1578*
Sulfolobus tokodaii 15921428
Sulfolobus solfataricus 15899646
Sulfolobus acidocaldarius 2570*
Sulfolobus tokodaii 15922610
Sulfolobus solfataricus 15897253
Sulf. acidocaldarius SoxL 7484123
Thermoplasma acidophium SoxL 10640539
Aquifex aeolicus SoxF  7521658
Sulfolobus acidocaldarius SoxF 1361934
Homo sapiens UQCRFS1 5174743
Bos taurus RSK 1070400
Saccharomyces cerevisiae Rip1 136715
Paracoccus denitrificans 77577
Rhodobacter capsulatus PetA 136709
Spinacea oleracea PetC 136712
Mastigocladus laminosus PetC 47117391
bc1 Rieske Proteins
b6f Rieske Proteins
archaeal type SoxL/F
Rieske Proteins
uncharacterized archaeal
Rieske Ferredoxins
ARF#: archaeal
Rieske Ferredoxins
Eukaryal FeS
Oxidoreductases
Sulredoxins†
 Rieske Ferredoxins
and Dioxygenases
Fig. 2. Phylogenetic dendrogram of RFd. Maximum Parsimony dendrogram of RFd and RFd domains including A. ambivalens Hyn1, the
Sulredoxins [,8], the S. solfataricus Arf [#,9] and uncharacterized RFds from Sulfolobus species (bold, access to the unpublished S. acidocaldarius
genome sequence (\) was kindly provided by R. Garrett). RFds are given with their species names and GI numbers, respectively (Genbank). Note
that the proteins fall into diﬀerent groups of paralogues. The complete sequence alignment giving origin to this dendrogram is available upon request.
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ing that these are co-transcribed [10]. This represents the only
known example of that particular combination of redox pro-
teins to date. The genomic context of other RFd genes showed
no common feature in this respect: the sulredoxin gene from
S. tokodaii, for example, is ﬂanked by hypothetical proteins,
its orthologue from Thermoplasma vulcanicum by a sugar
kinase and a DNA-binding protein, and in S. solfataricus by
other hypothetical proteins, one of them related to ferritins.
Thus, the involvement of these proteins in a particular physio-
logical function is not possible to infer from its genomic loca-
tion. A redox interaction between the puriﬁed recombinant
AaRFd protein and the A. ambivalens NiFe hydrogenase could
not be experimentally established, and thus the physiological
function of the protein remains unclear.
3.2. Gene expression and protein production
An expression plasmid (pET_ARFd1) was successfully con-
structed in the E. coli vector pET 11d containing the wild typehyn1 gene from A. ambivalens without aﬃnity tags. Whole cell
extracts of transformed E. coli showed a signiﬁcant protein
band with an apparent molecular mass of 14 kDa in SDS gels.
Attempts to enrich the soluble extract in AaRFd with heat
treatment (incubation at 75 C during 45 min) did not succeed
as most of the AaRFd was precipitated with the majority of the
E. coli proteins. This feature is not frequent among thermo-
philic proteins, which tend to exhibit very high intrinsic ther-
mal stabilities. For example, the [3Fe–4S][4Fe–4S] ferredoxin
from A. ambivalens can be incubated up to 72 h at 70 C with-
out any signiﬁcant modiﬁcation [17]. In contrast, the SoxL
Rieske from the closely related thermophile S. acidocaldarius
loses about 70% of its iron–sulfur cluster upon 10 min incuba-
tion at 80 C [1]. Since the AaRFd remains in solution in the
absence of detergents, it is likely that its decreased thermal sta-
bility is due to the absence of stabilizing interactions with other
proteins within a larger complex, which would be operational
in vivo. However, it is also possible that the Rieske fold archi-
tecture is less stable than that of thermophilic ferredoxins – in
Fig. 3. Spectroscopic analysis of AaRFd. UV–Vis spectrum of AaRFd (15 lM) in 10 mM potassium phosphate buﬀer, pH 7.0, 25 C. Solid lines
are the spectra of as puriﬁed RFd and dotted lines correspond to the thermally unfolded protein. Inset: Fluorescence emission spectra of AaRFd
(5 lM) (emission intensity is in arbitrary units).
Fig. 4. Conformational stability of AaRFd function of pH. The
denatured fraction was determined as a function of the solution pH in
respect to the absorbance at 460 nm (n) and average emission
wavelength (h) (see Section 2 for details).
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may more easily promote its degradation thus removing its sta-
bilizing eﬀect.
3.3. Biochemical and spectroscopic properties
The puriﬁed reddish-brown protein was characterized in or-
der to determine its biochemical and spectroscopic properties.
The 113 amino acid long protein, with a theoretical pI of 6.3,
has a predicted molecular mass of 12 869 Da, which agreed
well with the value of 14 kDa determined from SDS–PAGE
(not shown). The apparent molecular mass of the native pro-
tein determined by molecular ﬁltration experiments, after run-
ning marker proteins over the same column, was found to be
around 30 kDa, suggesting that the AaRFd puriﬁes as a dimer.
The iron content was determined to be 2.1 ± 0.2 mol/mol of
the subunit, in agreement with the presence of a properly
assembled Rieske centre within the recombinant protein.
The visible spectrum of the AaRFd was typical of a Rieske
protein with absorption maxima at 280, 325, 460, and
560 nm in the as isolated, oxidized state (Fig. 3). The ratio be-
tween the absorbances at 460 and 280 nm was 0.16. There was
a bleaching of the visible bands upon reduction with either so-
dium dithionite or ascorbate, as commonly observed in iron–
sulfur proteins. The EPR spectrum of the as prepared AaRFd
in the oxidized state was, as expected, silent. Upon reduction
with sodium dithionite, a signal typical of reduced [2Fe–
2S]2+/1+ Rieske clusters arose with g values of gx = 1.75,
gy = 1.90, and gz = 2.02 (see Fig. 6A). Further, the average g-
value ðgav ¼
pðg2x þ g2y þ g2z Þ=3Þ of 1.902 is characteristic for
nitrogen ligand-containing [2Fe–2S] clusters and signiﬁcantly
lower than the values found for [2Fe–2S] ferredoxins. Thus,
the isolated protein has all spectroscopic features characteristic
of a Rieske protein.
3.4. Conformational stability: pH dependence and iron release
A study of the conformational stability properties of the
AaRFd was undertaken. In order to characterize the modiﬁca-
tions on the protein fold, both the intrinsic tryptophan ﬂuores-cence and iron–sulfur cluster integrity were independently
monitored, and clear diﬀerences are observed between the na-
tive and denatured states (Fig. 3, dotted traces).
Protein tertiary structure modiﬁcations (Trp emission) and
Rieske centre degradation (visible spectroscopy) were utilized
to monitor the protein stability as a function of the pH (Fig.
4): the results obtained indicate that while the polypeptide
chain remains undisturbed between, pH 6 and 10, the [2Fe–
2S]2+ Rieske centre becomes increasingly sensitive as the pH
is lowered below 6. These observations suggest that proton-
ation of particular residues breaks stabilizing interactions
but, as pointed out before, may also be related to the absence
of stabilizing interactions with other proteins that would be in-
volved in complex formation in vivo. The lack of the latter
could be eventually compensated by detergents or salts,
1024 A. Kletzin et al. / FEBS Letters 579 (2005) 1020–1026although no spectral eﬀect was observed when higher ionic
strength conditions were used. In any case, the lower stability
below pH 6 also accounts for the diﬃculty in titrating the pro-
tein under slightly acidic conditions (see below).
Protein unfolding was found to be irreversible, thus impair-
ing a conventional thermodynamic analysis of events. This is a
frequent feature among metalloproteins, which upon cofactor
release are frequently unable to regain their original conforma-
tion (see, e.g. [18]). In order to circumvent this limitation, weFig. 5. Kinetics of thermal denaturation and iron release. Tempera-
ture-jump experiment performed at 80 C monitoring protein unfold-
ing by ﬂuorescence spectroscopy (open circles) and iron release (closed
circles). AaRFd (5 lM) was in 30 mM acetate buﬀer, pH 4.0.
Fig. 6. EPR spectroscopy and Redox titration of AaRFd. Panel A: EPR s
phosphate buﬀer, pH 7.0. Temperature, 20 K. Power, 2.4 mW. Microwave
Redox titration of AaRFd. The protein was diluted in 50 mM potassium pho
given reduction potential in the presence of redox mediators as described in Se
was measured in the spectra of the samples at each redox potential and norma
Nernst curve with E = +170 mV, n = 1.characterized the AaRFd stability by temperature-jump (i.e.,
kinetics of thermal denaturation) experiments at pH 4, moni-
toring both metal site integrity as followed from iron release
to the medium and protein unfolding (Fig. 5). The results
obtained showed that protein thermal degradation, as
inferred from tryptophan emission, followed a biphasic pro-
cess (k1obs ¼ 1:6 min1 and k2obs ¼ 0:34 min1 at 80 C), which
was accompanied by a stoichiometric release of iron
ðkFeobs ¼ 0:5 min1Þ. Thus, protein unfolding led to the simulta-
neous decomposition of the Rieske centre with no iron remain-
ing bound to the unfolded polypeptide chain under the tested
conditions.
3.5. Redox properties and inﬂuence of the structural environment
The oxidation–reduction properties of the AaRFd were
determined from EPR-monitored redox titrations at two diﬀer-
ent pH values, pH 7.1 and 7.8 (Fig. 6B). The reduction poten-
tial was essentially the same in the tested range, as the results
could be adequately ﬁt with a simple n = 1 Nernst equation,
having an Em value of +170 ± 10 mV. This observation would
agree with the fact that RFd in general have pH independent
reduction potentials, but at the present stage we cannot estab-
lish whether or not the potential for this particular protein de-
pends on the pH. We attempted to investigate the pH
dependence of the redox potential, but the AaRFd cluster
reduction was not fully reversible at other pH values, suggest-
ing that although the protein conformation seemed to be stable
between, pH 6 and 10 (see Fig. 4), the cluster stability was
likely to be lower in the reduced form at slightly acidic pH val-
ues, thus impairing its potentiometric titration in the present
experimental conditions. A similar observation had been re-
ported for the H64C variant of the S. solfataricus RFd, which
was very unstable and underwent degradation upon reduction
with dithionite [9]. These ﬁndings suggest that slight variations
on the cluster geometry within diﬀerent Rieske proteins are
likely to account for an altered stability of the metal site.pectrum of dithionite reduced RFd (160 lM) in 10 mM potassium
frequency was 9.643 GHz and modulation amplitude 1 mT. Panel B:
sphate buﬀer adjusted at pH 7.1 (m) or at pH 7.8 (n), and poised at a
ction 2. The height of the EPR resonance centred at g = 1.90 in panel A
lized in respect to its maximal intensity. The solid line corresponds to a
Table 1
Propensity of positive vs. negative redox potential of the Rieske centre modulated by residues proximal to the site (see text for references)
Region I Region II
Favouring a positive potential G/A . C . H . G C X C . C H . S . Y
Bovine G . C . H . G C Y C . C H . S . Y
A. ambivalens A . C . H . G L V C . W H . S . F
Burkholderia sp. D . C . H . D W E C . L H . G . F
Favouring a negative potential D . C . H . D/E A/W E C . L H . G . F
Iron ligands are indicated in bold. Dots represent any residue.
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uncommonly high for RFd. In general, the Rieske centres pres-
ent in respiratory complexes have a high redox potential (+150
to +490 mV), while the RFd group have a much lower poten-
tial (150 to 50 mV). Interestingly, the AaRFd is very similar
to the canonical RFd from Burkholderia sp., which allowed
building a molecular model based on the crystallographic
structure of the latter [7]. However, despite this fact, the archa-
eal protein has a much higher redox potential (+170 vs.
150 mV). A detailed inspection of key residues around the
metal centre known to inﬂuence its redox potential revealed
that the AaRFd has several features in comparison to low-po-
tential RFd that account for its more positive potential (Table
1, see [7,19–21]). For example, the presence of a Ser instead of
a Gly in region II is likely to increase the redox potential as in-
ferred from mutational studies in the higher potential Paracoc-
cus denitriﬁcans Rieske, in which mutation of this residue for
an alanine results in a 100 mV potential decrease [20]. Also,
several negatively charged residues around the metal centre
which lower its redox potential (Asp41, Asp47 and Glu84 in
Burkholderia sp., see [21]) have been substituted for mostly
non-polar residues in AaRFd (Ala52, Gly58 and Val73). A
homology-based molecular model of the Aa RFd showed that
it has a considerable smaller number of negatively charged res-
idues around the metal site region, in comparison to the low-
potential RFd from Burkholderia (not shown). Also, the
AaRFd cluster is less solvent-exposed, a factor, which is also
known to account for a more positive potential. Finally, some
typical features of the high-potential clusters are absent, such
as the Tyr in region II, which is replaced by a Phe in AaRFd.
The presence of this tyrosine favours a network of H-bond
interactions, which accounts for a higher potential [7]. Also,
the absence of the disulﬁde forming cysteines strictly conserved
in respiratory Rieske proteins causes the reorientation of a
peptide segment, which removes potentially H-bonding pro-
tons from the vicinity of the cluster, thus lowering its potential
[7]. Ultimately, analysis of the type of residues present in these
key positions around the Rieske centre will allow anticipating
the redox properties of other as yet uncharacterized Rieske
proteins.4. Conclusions
We report in this manuscript the characterization of an
archaeal RFd with an unprecedented genomic context, which
adds to the diversity of this type of proteins. This particular
Rieske, although it has an essentially conserved core, contains
a set of particular modiﬁcations close to the metal centre,which account for a higher redox potential in comparison to
the canonical RFd. Although its physiological function is un-
known at the present stage, its properties highlight the diver-
sity of this type of metal centres in biological systems. In
fact, the results suggest that the AaRFd represents a novel sub-
type of RFd.Acknowledgements: This work was supported by a grant from the
Deutsche Forschungsgemeinschaft to A.K. (Kl 885/3) and from Fun-
dac¸a˜o Cieˆncia e Tecnologia to C.M.G. (POCTI/QUI/37521 and POC-
TI/QUI/45758), and by travel grants to A.K. by the Deutscher
Akademischer Austauschdienst (D/01/34798) and to C.M.G. from
the Instituto Cooperac¸a˜o Cientı´ﬁca Internacional.References
[1] Schmidt, C.L. (2004) Rieske iron–sulfur proteins from extremo-
philic organisms. J. Bioenerg. Biomembr. 36, 107–113.
[2] Rieske, J.S., Zaugg, W.S. and Hansen, R.E. (1964) Studies on the
electron transfer system. Lix. Distribution of iron and of the
component giving an electron paramagnetic resonance signal at
g = 1.90 in subfractions of complex 3. J. Biol. Chem. 239, 3023–
3030.
[3] Trumpower, B.L. and Gennis, R.B. (1994) Energy transduction
by cytochrome complexes in mitochondrial and bacterial respira-
tion: the enzymology of coupling electron transfer reactions to
transmembrane proton translocation. Annu. Rev. Biochem. 63,
675–716.
[4] Scha¨fer, G., Purschke, W.G., Gleissner, M. and Schmidt, C.L.
(1996) Respiratory chains of archaea and extremophiles. Biochim.
Biophys. Acta 1275, 16–20.
[5] Riedel, A., Rutherford, A.W., Hauska, G., Muller, A. and
Nitschke, W. (1991) Chloroplast Rieske center. EPR study on its
spectral characteristics, relaxation and orientation properties. J.
Biol. Chem. 266, 17838–17844.
[6] Batie, C.J., LaHaie, E. and Ballou, D.P. (1987) Puriﬁcation and
characterization of phthalate oxygenase and phthalate oxygenase
reductase from Pseudomonas cepacia. J. Biol. Chem. 262, 1510–
1518.
[7] Colbert, C.L., Couture, M.M., Eltis, L.D. and Bolin, J.T. (2000)
A cluster exposed: structure of the Rieske ferredoxin from
biphenyl dioxygenase and the redox properties of Rieske Fe–S
proteins. Struct. Fold. Des. 8, 1267–1278.
[8] Iwasaki, T., Isogai, Y., Iizuka, T. and Oshima, T. (1995)
Sulredoxin: a novel iron–sulfur protein of the thermoacidophilic
archaeon Sulfolobus sp. strain 7 with a Rieske-type [2Fe–2S]
center. J. Bacteriol. 177, 2576–2582.
[9] Kounosu, A., Li, Z., Cosper, N.J., Shokes, J.E., Scott, R.A., Imai,
T., Urushiyama, A. and Iwasaki, T. (2004) Engineering a three-
cysteine, one-histidine ligand environment into a new hyper-
thermophilic archaeal Rieske-type [2Fe–2S] ferredoxin from
Sulfolobus solfataricus. J. Biol. Chem. 279, 12519–12528.
[10] Laska, S., Lottspeich, F. and Kletzin, A. (2003) Membrane-
bound hydrogenase and sulfur reductase of the hyperthermophilic
and acidophilic archaeon Acidianus ambivalens. Microbiology
149, 2357–2371.
1026 A. Kletzin et al. / FEBS Letters 579 (2005) 1020–1026[11] Thauer, R.K., Jungermann, K. and Decker, K. (1977) Energy
conservation in chemotrophic anaerobic bacteria. Bacteriol. Rev.
41, 100–180.
[12] Wilson, K. (1990) in: Current Protocols in Molecular Biology
(Ausubel, F.M., Brent, R. and Kingston, R.E., et al., Eds.), pp.
2.4.1–2.4.5, Wiley, New York.
[13] Fischer, D.S. and Price, D.C. (1964) A simple serum iron method
using the new sensitive chromogen tripyridyl-triazine, Clin. Chem.
10, 21–25.
[14] Royer, C.A. (1995) (Shirley, B.A., Ed.), Methods in Molecular
Biology, vol. 40, p. 377, Humana Press Inc., Totowa, NJ.
[15] Leal, S.S., Teixeira, M. and Gomes, C.M. (2004) Studies on
the degradation pathway of iron–sulfur centers during
unfolding of a hyperstable ferredoxin: cluster dissociation,
iron release and protein stability. J. Biol. Inorg. Chem. 9,
987–996.
[16] Guex, N. and Peitsch, M.C. (1997) SWISS-MODEL and the
Swiss-PdbViewer: an environment for comparative protein mod-
eling. Electrophoresis 18, 2714–2723.[17] Gomes, C., et al. (1998) Di-cluster, seven-iron ferredoxins from
hyperthermophilic Sulfolobales. J. Biol. Inorg. Chem. 3, 499–507.
[18] Moczygemba, C., Guidry, J., Jones, K.L., Gomes, C.M., Teixeira,
M. and Wittung-Stafshede, P. (2001) High stability of a
ferredoxin from the hyperthermophilic archaeon A. ambivalens:
involvement of electrostatic interactions and cofactors. Protein
Sci. 10, 1539–1548.
[19] Zu, Y., Couture, M.M., Kolling, D.R., Crofts, A.R., Eltis, L.D.,
Fee, J.A. and Hirst, J. (2003) Reduction potentials of Rieske
clusters: importance of the coupling between oxidation state and
histidine protonation state. Biochemistry 42, 12400–12408.
[20] Schroter, T., Hatzfeld, O.M., Gemeinhardt, S., Korn, M.,
Friedrich, T., Ludwig, B. and Link, T.A. (1998) Mutational
analysis of residues forming hydrogen bonds in the Rieske [2Fe–
2S] cluster of the cytochrome bc1 complex in Paracoccus
denitriﬁcans. Eur. J. Biochem. 255, 100–106.
[21] Klingen, A.R. and Ullmann, G.M. (2004) Negatively charged
residues and hydrogen bonds tune the ligand histidine pKa values
of Rieske iron-sulfur proteins. Biochemistry 43, 12383–12389.
